6. Boyden, E.S., Zhang, F., Bamberg, E., Nagel, G., and Deisseroth, K. Mechanistic insights into the function of the pro-apoptotic BCL-2 family member BOK have remained elusive. A recent study shows that healthy cells constitutively degrade BOK via the ER-associated degradation and ubiquitin-proteasome pathways; following proteasome inhibition, BOK is stabilized to initiate a unique pro-apoptotic death program.
The typical day for the average adult includes eliminating billions of stressed or superfluous cells from a broad range of tissues to sustain homeostasis and prevent disease. Frequently, these targeted cells utilize a death program termed apoptosis, which is characterized by the orchestrated dismantling of critical cytoplasmic and nuclear components and the rapid detection and removal of cellular corpses by phagocytes [1] . As with many aspects of cell biology, when apoptotic signaling goes awry, disease ensues: too much apoptosis can promote neurodegeneration; too little can promote tumorigenesis and resistance to chemotherapeutic agents. Cellular survival and commitment to apoptosis is ultimately mediated by the B-cell lymphoma 2 (BCL-2) family of proteins, which is composed of approximately 20 members [2] . The anti-apoptotic BCL-2 proteins preserve survival when stress occurs, and this allows for detection and recovery from the cellular insult. When recovery seems unlikely, the proapoptotic BCL-2 proteins collaborate to promote mitochondrial outer membrane permeabilization (MOMP), which initiates cellular commitment to apoptosis. One pro-apoptotic member of the BCL-2 family -BCL-2 ovarian killer (BOK) -has puzzled the community in terms of its physiological contributions to apoptotic signaling [3] . A new study by Doug Green and colleagues [4] now reveals both an unexpected signaling cascade that controls BOK protein stability and a distinct mechanism for how BOK initiates apoptosis.
Following an irrevocable stressful insult in mammalian cells, the key event that initiates apoptosis converges upon the mitochondrial network [5] . As suggested above, MOMP is the process of compromising the outer mitochondrial membrane to release apoptogenic factors from the inner membrane space into the cytosol. Cytochrome c is the most commonly studied apoptogenic factor and, together with an adaptor protein (e.g., APAF-1) and pro-enzymes (e.g., caspase-9), triggers the signaling pathways involved in dismantling, packaging, detection, and removal of the cell [6, 7] .
In order for MOMP to take place, multiple pro-apoptotic BCL-2 proteins must collaborate at the outer mitochondrial membrane [5] . Both subtypes of proapoptotic BCL-2 proteins are required for MOMP: the effector proteins (e.g., BAX and BAK) and the BH3-only proteins (e.g., BIM and PUMA). BAK and BAX are globular proteins containing BCL-2 homology domains 1-4 (BH1-4); they exist as monomers in cells and, upon activation, BAK/BAX coalesce into homo-oligomeric pores within the outer mitochondrial membrane, allowing cytochrome c to escape [8] . Most cells express BAK and/or BAX, as these proteins are broadly required for apoptotic sensitivity [2] . On the other hand, BH3-only proteins are defined as having only the BH3 domain and usually function within distinct stress scenarios to neutralize anti-apoptotic BCL-2 proteins (e.g., BCL-2 and MCL-1) and/or activate monomeric forms of BAK/BAX. The majority of cellular stress pathways leading to apoptosis have a defined and required repertoire of BH3-only proteins that neutralize anti-apoptotic BCL-2 proteins and rapidly activate BAK/BAX to swiftly eliminate the compromised cell [2] .
At first glance, BOK appears to be most closely related to BAK/BAX. BOK has multiple BH domains, approximately 70-80% sequence homology, and a carboxy-terminal transmembrane domain [3] . Similar to the majority of BCL-2 proteins, BOK was identified using a yeast two-hybrid screen as a pro-apoptotic protein capable of binding to anti-apoptotic BCL-2 members [3] . Likewise, the transient overexpression of BOK leads to apoptosis in multiple cell models [3, 9, 10] , and curiously BOK is deleted in a subset of human tumors, suggesting a tumor suppressor function [11] . It is also worth noting that studies originally focused on the apoptotic role of BOK in the ovary, but several lines of investigation point to a broader impact of BOK in multiple tissues [3, 12] .
Genetic investigations to unveil the physiological and molecular functions of BOK yielded a combination of complex results from three distinct genetargeting strategies. The first description of Bok-null mice (targeting exons 1 and 2) reported that these animals were born at the expected Mendelian frequency, had no detectable developmental or reproductive aberrations, and demonstrated no acceleration of Emmyc-driven lymphomagenesis (which contrasts with phenotypes resulting from Bax, Bim, or PUMA deficiency) [12] . While apoptosis proceeded normally in Bok-null cells compared with wild-type counterparts following treatment with drugs like etoposide and staurosporine, immortalized Bok -/-fibroblasts displayed slightly faster rates of apoptosis when treated with brefeldin A, a drug that inhibits protein transport from the endoplasmic reticulum (ER) to the Golgi apparatus. Subsequent studies localized BOK to the membranes of the Golgi apparatus and the ER and suggested that BOK could bind and protect inositol 1,4,5-triphosphate receptors from cleavage, hinting at a role in calciumregulated apoptosis [10, 13] . A second Bok-null colony was generated with a different gene-targeting strategy (targeting exons 2 and 3), and again BOK deficiency did not produce significant differences in embryonic histology, fecundity, or blood/serum analyses [14] . However, the authors generated SV40-immortalized fibroblasts from embryonic liver and noted that these cells were impaired in their apoptotic responses to thapsigargin (a sarco/ endoplasmic reticulum Ca 2+ -ATPase inhibitor) and bortezomib (a proteasome inhibitor). These in vitro results were also extended with in vivo studies comparing wild-type and Bok -/-mice for sensitivity to thapsigargin-induced apoptosis in liver. To determine how BOK deficiency impacted on apoptosis, several ER stress markers were evaluated and the absence of BOK was shown to diminish two key players of ER stress signaling, ATF4 and CHOP. Furthermore, the absence of BOK also resulted in decreased BAX accumulation on the outer mitochondrial membrane and cytochrome c release, suggesting that BOK potentially mediated and connected ER stress signaling to the activation of BAK/BAX. Indeed, many discussions suggested that BOK could mediate apoptosis similar to an effector protein like BAK/BAX, yet the majority of cellular and in vivo studies reveal that, while BOK shares similarities with BAK/ BAX, their molecular functions and regulation are distinct and cannot compensate for each other.
The new work by Llambi et al. [4] now integrates key mechanistic insights within a broad perspective to explain how BOK is controlled and how BOK contributes to the mitochondrial pathway of apoptosis. The authors produced a third strain of Bok-deficient mice using a gene-targeting strategy in which exons 2-5 were removed; as with previous Bok -/-strains, no overt phenotypes were observed [12, 14] . However, the authors noted that BOK protein stability was markedly increased following proteasome inhibition, and this stabilization was required for apoptosis induced by a broad panel of known and novel proteasome inhibitors in human and murine cells derived from diverse tissues (Figure 1) . Furthermore, proteasome inhibitors are a promising class of cancer therapeutics, and a requirement for BOK in preventing tumor formation supported a specific role for BOK following bortezomib treatment.
Through a series of elegant biochemical studies, the authors identified a cohort of BOK-interacting proteins that foreshadowed the regulatory mechanisms behind BOK's pro-apoptotic function. A tandem-affinity purification and mass spectrometry approach defined multiple lysine residues within BOK that are modified via ubiquitinylation to induce degradation; mutation of these lysines promoted BOK stability and enhanced the pro-apoptotic potential of BOK. Subsequent proteomic analyses also revealed that multiple components of the ER-associated degradation (ERAD) machinery associate with BOK. ERAD is a signaling pathway that permits cellular recovery from the accumulation of unfolded proteins within the ER [15, 16] . Unfolded proteins within the ER lumen can be extracted during ERAD, which leads to their degradation in the cytosol by the 26S proteasome [16] .
Although it was already known that the unresolved accumulation of unfolded proteins promotes apoptosis, the molecular mechanisms linking this chronic stress to the cell death machinery have remained undefined [17] . Here, the authors provide comprehensive experimentation to suggest that BOK stability and pro-apoptotic function are responsive to signaling perturbations both upstream and downstream of ERAD. In brief, BOK stability and function were enhanced when the following were inhibited: PERK (an upstream kinase that engages ERAD); the E3 ubiquitin ligase gp78/AMFR (the enzyme responsible for BOK ubiquitinylation); the AAA-ATPase VCP/p97 (the enzyme responsible for extracting BOK from membranes); and the 26S proteasome. A role for BOK in mediating ER signaling pathways and stress responses has been proposed by multiple groups [4, 10, 13, 14] , yet not all observations corroborate each other. Differences in signaling contexts and cell types must be appreciated, and it is likely that our understanding of BOK biology at the ER and mitochondrial networks is still in its infancy.
What makes BOK unique among the pro-apoptotic BCL-2 cohort is its ability to promote MOMP in the absence of BAK/BAX and BH3-only proteins. Llambi et al. [4] propose that BOK is a bona fide effector molecule that is fully competent to promote MOMP upon stabilization. Previous literature suggests that BOK functions upstream of BAK/BAX [10, 14] , but these results should be re-evaluated as BOK expression is likely not significant in the absence of inhibiting the ERAD components listed above. Another unusual aspect of BOK is its apparent lack of negative regulation by anti-apoptotic BCL-2 members, even though BOK was initially discovered as an MCL-1-interacting protein. As noted, BOK is detected as a high molecular weight species upon stabilization, so it is feasible that BOK monomers display higher affinity for themselves compared with antiapoptotic BCL-2 members.
Taking all the above observations into perspective, BOK stands alone as a curious pro-apoptotic BCL-2 protein that warrants additional investigations, in particular, for increasing our knowledge of how the ERAD components communicate with the mitochondrial pathway of apoptosis. Likewise, further insights into the molecular nature of BOK will likely assist in clarifying how proteasome inhibitors should be used clinically to treat cancer [18] . BOK is constitutively transcribed and translated, but in the absence of cellular stress originating from within the endoplasmic reticulum (ER) network, BOK is degraded via the ubiquitin-proteasome pathway. When cellular homeostasis is challenged by reduced ER stress signaling (e.g., PERK inhibition), compromised ER-associated degradation (ERAD) (e.g., the inhibition of either gp78/AMFR or VCP/p97), or proteasome inhibition (e.g., bortezomib treatment), BOK is no longer degraded. Instead, BOK accumulates at the outer mitochondrial membrane and directly induces mitochondrial outer membrane permeabilization (MOMP), leading to apoptosis.
Brine shrimp produce a maladaptive excess of sons when co-occurring with females from a related parthenogenetic species. Still, this sex ratio may be adaptive if, by mating with females of the other species, males miss out on mating with their own.
When Theodosius Dobzhansky stated his famous sentence: ''Nothing makes sense in biology except in the light of evolution'', he was probably far from realizing that sex allocation -the study of how sexual organisms allocate resources into the number and quality of daughters and sons -would become one of the hallmarks of the explanatory power of evolutionary theory. Indeed, sex allocation is a classic illustration of scientific accomplishment, where elegant and intuitive theory is supported by a vast body of field and laboratory experiments [1] . Ronald Fisher predicted that, in panmitic (large, randomly mating) diploid populations, parents should allocate the same resources for the production of male and female offspring (often leading to an even sex ratio) [2] . However, in structured populations with few founding females, a female-biased sex ratio is predicted, to minimize sons competing among themselves and to maximize the production of females that will found new patches [3] . This paradigmatic example, referred to as the 'theory of local mate competition', has been quantitatively tested and verified in comparative [4] [5] [6] [7] and experimental evolution [8, 9] studies. A new study in this issue of Current Biology by Lievens et al. [10] , however, challenges the ubiquity of the predictive success of sex allocation theory.
In most studies, observed sex ratios are such that fitness is maximized. But in some rare cases, maladaptive sex allocation does occur. For instance, in parasitoid wasps of the genus Melittobia females produce a far more female-biased sex ratio than that predicted by local mate competition [11] . Also females of another parasitoid wasp, Nasonia vitripennis, produce sub-optimal sex ratios after exposure to neonicotinoid insecticides [12] . In this case, females fail to adjust the proportion of female offspring to the number of founding females, entailing a significant fitness cost.
In the same way that a map is still a map even when held upside down, a good theory may still provide clues to the problem under analysis, even when observed facts do not match its predictions. This is nicely illustrated by the new study of Lievens et al. [10] showing (apparently) maladaptive sex allocation in the invasive brine shrimp Artemia fransciscana (Figure 1) . A. franciscana's natural range spreads through the Americas, in particular saline lakes -most of the commercial production of brine shrimps comes from North America's Great Salt Lake -and temporary ponds [13] . Commercially available worldwide, due to its extensive use in aquaculture,
